A series of hydroxy-or methoxy-substituted phenylmethylenethiosemicarbazones were designed, synthesized and evaluated as mushroom tyrosinase inhibitors. The results demonstrated that most of target compounds had remarkable inhibitory activities on mushroom tyrosinase. Interestingly, compound 2h was found to be the most potent tyrosinase inhibitor with IC 50 value of 0.18 m mM. The possible interaction mode between compound 2h and tyrosinase was proposed. In addition, the 1,1-diphenyl-2-picrylhydrazyl (DPPH) radical scavenging activities of select compounds (IC 50 Ͻ Ͻ10.0 m mM) were also investigated. Compounds 2d, 2e, 2h, 2i and 2l exhibited more potent DPPH radical scavenging activity than well-known antioxidants ascorbic acid (Vc) and tertiary butyl hydroquinone (TBHQ). These results suggested that such compounds might be utilized for the development of new candidate for treatment of dermatological disorders.
Tyrosinase (EC 1.14.18.1; polyphenol oxidase, PPO), a multifunctional copper-containing enzyme, is widely distributed in nature. It catalyzes two distinct reactions of melanin synthesis: the hydroxylation of monophenols and the oxidation of the o-phenols. 1, 2) Tyrosinase is known to be involved in the browning of fruits and vegetables, the formation of brown pigments and the molting process of insects. Therefore, tyrosinase inhibitors have become increasingly important in agriculture, 2, 3) cosmetic industry 4) and medication 5) due to decreasing the excessive accumulation of pigmentation resulting from the enzyme action. [6] [7] [8] [9] [10] [11] Presently, tyrosinase inhibitors have been established as important constituents of cosmetic materials, food preservative and depigmenting agents for hyperpigmentation. 12) Many efforts have been spent in the search for effective and safe tyrosinase inhibitors, and a large number of naturally occurring and synthetic tyrosinase inhibitors have already been reported. [13] [14] [15] [16] [17] [18] However, most of them are not potent enough to put into practical use due to their weak individual activities or safety concerns. Undoubtedly, this is still needed to search and develop novel tyrosinase inhibitors with better activities together with lower side effects.
In the last decades, benzaldehydes, especially its hydroxylated analogues, have been extensively investigated due to their favorable interaction with the hydrophobic protein pocket surrounding the binuclear copper active site of tyrosinase and their lower side effects in vivo studies, such as Nhydroxycinnamoylphenalkyl amides, 19) aurones, 10) hydroxysubstituted benzaldoximes, 17) chalcones (Fig. 1) . 3, 20) More recently, our groups described the inhibitory effects of 1-(1-arylethylidene)thiosemicarbazide and alkylidenethiosemicarbazide derivatives on mushroom tyrosinase (Fig. 1) . 21, 22) The results showed that these compounds exhibited potent inhibitory activity, and the reason was that sulfur atom of thiosemicarbazide moiety was able to chelate the two copper ions in the active site of tyrosinase.
Taking advantage of above information, we speculated that condensation products of hydroxy-or methoxy-substituted benzaldehydes with thiosemicarbazide might exhibit potent tyrosinase inhibitiory activity. Therefore, in continuing our program aimed to search for tyrosinase inhibitors, a series of phenylmethylenethiosemicarbazones were synthesized and their inhibitory effects on the diphenolase activitiy of mushroom tyrosinase were evaluated. In additon, the 1,1-diphenyl-2-picrylhydrazyl (DPPH) radical scavenging activities of selected compounds were also investigated. To the best of our knowledge, this is the first time to report the inhibitory effects on the diphenolase activity of mushroom tyrosinase of
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Experimental
Chemistry Melting points (mp) were determined with WRS-1B melting point apparatus and the thermometer was uncorrected. NMR spectra were recorded on Mercury-Plus 300 spectrometers at 25°C in deuterochloroform (CDCl 3 ) or dimethyl sulfoxide-d 6 (DMSO-d 6 ). All chemical shifts (d) are quoted in ppm downfield from TMS and coupling constants (J) are given in Hz. LC-MS spectra were recorded using the LCMS-2010A. All reactions were monitored by TLC (Merck Kieselgel 60 F 254 ) and the spots were visualized under UV light. Elemental analyses were performed on a Vario EL instrument and were within Ϯ0.4% of the theoretical values. The benzylaldehydes, ketones, thiosemicarbazide and 4-methoxycinnamic acid were purchased from Darui Chemical Co. (ShangHai, China). Mushroom tyrosinase (specific activity of the enzyme is 6680 U/mg) and L-3,4-dihydroxyphenylalanine (L-DOPA) were purchased from Sigma Chemical Co. All commercially available reagents and solvents were used without further purification.
Synthesis To the solution of appropriate aldehydes (10 mmol) in anhydrous ethanol (10 ml), thiosemicarbazide (10 mmol) and acetic acid (0.5 ml) were added. The reaction mixture was refluxed for 24 h and cooled to room temperature. The precipitate solid was filtered, washed with ether, and purified by recrystallization from 95% ethanol to afford compounds 2a-r. Tyrosinase Inhibition Assay Tyrosinase inhibition assays were performed according to the developed method described earlier by Hearing. 23) Briefly, all the synthesized compounds were screened for the o-diphenolase inhibitory activity of tyrosinase using L-DOPA as substrate. All the active in-hibitors from the preliminary screening were subjected to IC 50 studies. All the synthesized compounds were dissolved in DMSO to a concentration of 2.0%. Phosphate buffer pH 6.8 was used to dilute the DMSO stock solution of test compound. Thirty units of mushroom tyrosinase (0.2 mg/ml) was first pre-incubated with the compounds, in 50 mM phosphate buffer (pH 6.8), for 10 min at 25°C. Then the L-DOPA (0.5 mM) was added to the reaction mixture and the enzyme reaction was monitored by measuring the change in absorbance at 475 nm of the DOPAchrome for 1 min. IC 50 value, a concentration giving 50% inhibition of tyrosinase activity, was determined by interpolation of the dose-response curves. Here, 4-methoxycinnamic acid, 4-hydroxybenzaldehyde and tropolone were used as the reference inhibitors.
DPPH Radical Scavenging Activity The DPPH radical scavenging activity of all the synthesized compounds was analyzed according to the modified procedure described by Iwai et al. 24) Compounds in DMSO solution (20 ml) were added to a mixture of 100 mM acetate buffer (pH 5.5, 630 ml) and 0.3 mM DPPH in ethanol (350 ml) in a test tube and left to stand at room temperature in the dark for 30 min. The absorbances of the resulting solutions were measured at 517 nm. Ascorbic acid (Vc) and tertiary butyl hydroquinone (TBHQ) were used as the reference, and the negative control was prepared without the compounds. The activity was expressed as the concentration of sample necessary to give a 50% reduction in the sample absorbance (EC 50 ).
Results and Discussion
Synthetic Chemistry The synthesis of compounds 2a-r was summarized in Chart 1, and the chemical structure of compounds 2a-q was given in Table 1 . The condensation of the corresponding benzylaldehydes with thiosemicarbazide could be carried out easily in anhydrous alcohol using acetic acid as catalyst to provide phenylmethylenethiosemicarbazones 2a-q and its analogue 2r in good yield. The chemical structures of all the synthesized compounds were characterized by elemental analysis (C, H, N), MS, 1 H-NMR, 13 C-NMR spectra.
Effects on Tyrosinase Activity All the synthesized compounds were subjected to tyrosinase inhibition assay with L-DOPA as substrate, according to the developed method described by Hearing. 23) The IC 50 values of all compounds investigated were summarized in Table 2 . As shown in Table 2 , all synthesized compounds (except compound 2o) displayed more potent tyrosinase inhibitory activities than the reference inhibitors, 4-hydroxybenzaldehyde and 4-methoxycinnamic acid. Particularly, compounds 2b (IC 50 ϭ0.38 mM), 2f (IC 50 ϭ 0.28 mM), 2g (IC 50 ϭ0.33 mM), and 2h (IC 50 ϭ0.18 mM) were found to be the most active compounds of this series, even better than the reference inhibitor tropolone (IC 50 ϭ0.42 mM, Fig. 1) . Meanwhile, the IC 50 values of compounds 2d and 2r were close to that of tropolone. Therefore, these synthesized compounds are worth investigating further.
Of all phenylmethylenethiosemicarbazones 2a-q, compound 2a (IC 50 ϭ1.93 mM) having no substituent on phenyl ring exhibited excellent inhibitory effect on mushroom tyrosinase. Introduction of hydroxyl groups onto position-2 and 4 of phenyl ring to afford compounds 2b (IC 50 ϭ0.38 mM) and 2d (IC 50 ϭ0.41 mM), respectively, which displayed a significant increase in tyrosinase inhibition potency. Compared to 2b and 2d, compound 2c (IC 50 ϭ3.90 mM) bearing a hydroxyl substituent at position-3 of phenyl ring showed a decline in activity. These results suggested that the introduction of hydroxyl group on the phenyl ring obviously affected the tyrosinase inhibitory activity, 27) and in the present investigation, the 2-and 4-hydroxyl groups facilitated their inhibitory activities while the 3-hydroxyl substituent was unfavorable.
When the hydroxyl group of compound 2d (IC 50 ϭ0.41 mM) presented at position-4 was replaced with methoxy group as in compound 2e (IC 50 ϭ1.48 mM), a decrease in inhibition potency was observed, while replacement of hydroxyl group at position-4 of compound 2d with a bromine subtituent as in compound 2f (IC 50 ϭ0. 
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a) Values were determined from logarithmic concentration-inhibition curves and are given as means of three experiments. b) The concentration of 2.00 (mM) corresponding to inhibition percentage, determined in this work, is 39.9%. c) The reported IC 50 values of C is 1.2 mM. 8) d) The reported IC 50 values of B is 0.42 mM. 25) e) Values in the literature is 0.40 mM. 26) increase in inhibition activity. These results further confirmed that halogen atom as an electron-donating and hydrophobic group could strengthen the inhibitory effect on tyrosinase, 28) while the methoxy group was not well tolerated. Interestingly, incorporation of additional hydroxyl groups on the phenyl in the position-4 of compound 2b afforded the most potent compound 2h (IC 50 ϭ0.18 mM), while its congeners 2i (IC 50 ϭ6.50 mM) 2j (IC 50 ϭ33.6 mM) and 2k (IC 50 ϭ 42.2 mM) displayed a dramatic decline in inhibition activity. Compared with compound 2h, compound 2g (IC 50 ϭ0.33 mM) bearing 2-hydroxyl group and 4-bromine substituent, respectively, exhibited a slight decline in activity. Unfortunately, replacement of two hydroxyl groups of compound 2i with two methoxy substituents to afford compound 2n (IC 50 ϭ87.5 mM) resulted in a loss of inhibition activity. To further investigate the effect of the number and position of hydroxyl substituents on phenyl ring, 2,3,4-trihydroxylated compound 2o, 3,4,5-trihydroxylated compound 2p and 3,4,5-trimethoxylated compound 2q were examined for the tyrosinase inhibitory potency. As shown in Table 2 , compound 2o (IC 50 Ͼ200 mM) exhibited no inhibitory effect at the concentration of 200 mM, and compound 2p (IC 50 ϭ115.2 mM) and 2q (IC 50 ϭ145.5 mM) displayed weaker inhibition activities. These results further confirmed that 2-and 4-hydroxy groups contributed to their inhibitory effect, while 3-and 5-hydroxyl groups and methoxy substituent were detrimental to their inhibition activities.
In addition, disubstituted compounds 2h, 2i, 2j, 2k, 2l and 2m exhibited more potent tyrosinase inhibition potencies than trisubstituted compounds 2o, 2p and 2q indicating that the third substituent might hinder the correct docking of the inhibitor to the active site of tyrosinase. Moreover, replacement of benzene moiety of compound 2a (IC 50 ϭ1.93 mM) with furan group as in compound 2r (IC 50 ϭ0.45 mM) increased inhibition potency, suggesting that the electron-rich aromatic ring might be more favorable.
In order to further investigate the inhibition action of phenylmethylenethiosemicarbazones, experiments using UV/ vis spectroscopy were performed in which the enzyme was incubated with these inhibitors bearing a catechol moiety (2k, o, p) at various times. The results obtained showed that the change in absorbance at 475 nm had not been detected, suggesting that these compounds themselves cannot be oxidized by the enzyme as substrates. In addition, it should be noted that great improvement of tyrosinase inhibitory activity was obtained by coupling the corresponding benzaldehydes with thiosemicarbazide. These results indicated that the inhibition activity of these compounds was caused by the compounds themselves and not by their degradation products.
17)
DPPH Radical Scavenging Activity The melanin biosynthesis and food browning process also involved in non-enzymatic oxidation, and this oxidation process can be protected by radical scavengers. Therefore, in the present study, DPPH radical scavenging activities (EC 50 ) of the potent tyrosinase inhibitors (IC 50 Ͻ10 mM) were also evaluated by using the slightly modified method. 24) The results were summarized in Table 3 . As shown in Table 3 , all the select compounds exhibited potent DPPH radical scavenging activity with EC 50 values ranged from 1.9 to 38.6 mM. Particularly, compounds 2d, 2e, 2h, 2i and 2l exhibited more potent DPPH radical scavenging activity than Vc and TBHQ, which are commonly used in food industry as antioxidants. 29) Inhibitory Mechanism Analysis The crystallographic structure of tyrosinase has been established, 30, 31) enabling a close look at its three-dimensional structure and a better understanding of its mechanism of action. Within the structure, there are two copper ions in the active center of tyrosinase and it was deduced that there is a lipophilic long-narrow gorge near to the active center, and further investigation showed that the hydrophobic domain is composed of some bioactive amino acids, such as Arg 55, Trp 184, Glu 182, Ile 42, His 190 and Ala 202. 32) On the basis of the above-mentioned structure, a number of polyphenol derivatives and especially such compounds containing a resorcinol subunit have been extensively investigated. 1, 11, 31) Khatib et al. designed a series of 3-(2,4-dihydroxyphenyl)-propionic acid (DPPA) isopropyl esters as tyrosinase inhibitors, and the molecular docking study indicated that the most active DPPA isopropyl ester could form four hydrogen bonds and two hydrophobic interactions with lipophilic gorge, close to the copper ion couple (the reported interaction model shown in Fig. 2A) . 11) In addition, the sulfur atom of thioureas moiety exhibited strong affinity for the binuclear copper active site, and the reported interaction model 1276 Vol. 57, No. 11 
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a) Values were determined from logarithmic concentration-scavenging curves and are given as means of three experiments. b) Ascorbic acid (Vc) and tertiary butyl hydroquinone (TBHQ) were used as the reference drug. b The sulfur atoms of thiosemicarbazide moiety chelate the binuclear copper active site, while the two hydroxyl groups of 2,4-resorcinol moiety form three hydrogen bonds at the active site of tyrosinase, two with the nitrogen atoms of the amino acids Arg55 and Trp184 on the side chains and one with the carboxylic group of the Glu182. a A and B represented the previous reported models. b C represented our proposed model. was illustrated in Fig. 2B . 31, 33) In this investigation, compound 2h bearing 2,4-resorcinol and thiosemicarbazide moieties was found to be the most potent tyrosinase inhibitor. According to the models shown in Fig. 2A and Fig. 2B , the interaction model (Fig. 2C) between mushroom tyrosinase and compound 2h was proposed. Figure 2C demonstrated that the thiosemicarbazide moiety could fit the binuclear copper active site well because the sulfur atom formed strong chelation with the binuclear copper of tyrosinase. Such interaction acted like a bridge to link the hydroxyl group and the hydrophobic protein pocket surrounding the binuclear copper active site, which facilitated the hydroxyl group and the active site of enzyme to interact. Thus, the two hydroxyl groups of 2,4-resorcinol moiety formed three hydrogen bonds at the active site of tyrosinase, close to the copper ion couple, two with the nitrogen atoms of the amino acids Arg55 and Trp184 on the side chains and one with the carboxylic group of the Glu182. Furthermore, a hydrophobic interaction of compound 2h was also possible between its resorcinol aromatic ring and Ile 42. For the other compounds, due to the stereo-hindrance or bad position of hydroxyl group, it would make these compounds get close to the active center of tyrosinase harder, and even if these compounds could enter the active center to form the chelation with the binuclear copper, the weak interactions with the hydrophobic protein pocket of enzyme would make the chelation unstable.
Meanwhile, inspired by the model of tyrosinase three-dimensional structure, we hypothesized that the presence of a proper hydrophobic subunit connected to the resorcinol aromatic ring of compound 2h, might interact with His 190 and Ala 202 in the hydrophobic protein pocket, leading to an improved tyrosinase inhibitory activity; such a compound will be considered for future synthesis.
Conclusion
In this study, a series of hydroxy-or methoxy-substituted phenylmethylenethiosemicarbazones were designed, synthesized and evaluated as mushroom tyrosinase inhibitors. The results demonstrated that most of compounds had potent tyrosinase inhibitory activities. Particularly, compounds 2b, 2f, 2g and 2h exhibited more potent inhibitory effects than tropolone, one of the best tyrosinase inhibitors known so far. Preliminary structure-activity relationships analysis indicated that: (1) the thiosemicarbazide moiety was efficacious for the inhibitory activity; (2) the 2-and 4-hydroyl group on the phenyl ring was an essential requirement for tyrosinase inhibition; (3) the electron-rich aromatic ring contributed to their tyrosinase inhibition activity. In addition, DPPH radical scavenging activity of select compounds (IC 50 Ͻ10 mM) were also evaluated, and these compounds exhibited potent DPPH radical scavenging activity with EC 50 values ranged from 1.9 to 38.6 mM. These results suggested that such compounds might be utilized for the development of new candidate for treatment of dermatological disorders, and further development of such compounds may be of interest.
